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Abstract 
A Phase Change Material (PCM) thermal energy storage module has been built and tested successfully at CEA on the LHASSA 
experimental facility. The test campaign aimed at validating the thermo-hydraulic behavior of the storage module under operating 
conditions similar to those of commercial Direct Steam Generation CSP plants. The measured performances have been compared 
to the simulation results given by a dynamic model developed at CEA. Tests gave very satisfactory results, with a measured 
storage capacity meeting the specifications and a very small degradation of temperature and pressure levels in discharge mode. 
The storage module tests allowed to validate the modeling approach chosen to assess system performances and dynamics. The 
simulation model developed within the Dymola platform was proven to accurately reproduce the tests results and therefore can 
be effectively used for performance predictions and for the definition of operating strategies of commercial CSP plants. 
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PCM Phase Change Material 
Qo Storage capacity 
Qc Charged thermal energy 
Qd Discharged thermal energy 
1. Introduction 
Direct Steam Generation in linear Fresnel or parabolic trough collectors is a promising technology to produce 
heat and power from solar energy, avoiding the use of thermal oil and thus decreasing costs [1]. However, effective 
thermal storage solutions allowing smoothing the operation of the solar plant over a longer time period are a critical 
issue for DSG plants to reach cost-competitiveness [2,3]. Indeed while for oil-based CSP plants a 2-tanks molten salt 
sensible heat storage system has become a wide-spread standard, for the DSG solar plants various system solutions 
have been proposed, but all of them are still at the pilot plant level. 
The basic configuration of the multi-stage DSG storage system includes a low temperature sensible storage 
module, a latent heat module, and a high temperature sensible storage module [4,5]. The Latent Heat Storage (LHS) 
is needed to absorb the energy from the condensation of the water vapor in charging mode and to recover the latent 
heat to vaporize feed water in discharging mode, which represents more than 50% of the total thermal energy of a 
CSP-DSG plant. As this process must occur without lowering the temperature level and thus the energy quality, the 
choice of a phase change material (PCM) as storage medium is almost compulsory.  
An option for the design of the LHS heat exchanger consists of a vertical bundle of parallel tubes with high 
pressure condensing/evaporating water inside and a static PCM volume outside [6]. Pure NaNO3 is an attractive 
solution due to its favorable physical and chemical properties (stable, non-corrosive) [7] and its low cost. The major 
drawback in using inorganic salts as PCM is their low thermal conductivity (0,5 W/mK for the NaNO3), which has 
an important impact on the size and cost of the heat exchanger. To reduce the mass of high pressure tubes (and 
thereby the cost of the heat exchanger), low cost and robust heat transfer enhancement methods on the PCM side are 
being investigated [6]. At CEA one of the considered options consists in using aluminum inserts around the vertical 
finned tubes for heat transfer enhancement. A techno-economic study of such a storage system shows that for a 
commercial CSP plant the adopted technical solutions have the potential to be cost-competitive as compared to 
classical sensible heat storage systems.  
2. Test facility 
A PCM thermal energy storage module has been built and tested at CEA in Grenoble on the LHASSA 
experimental facility [8]. This facility is designed to test LHS modules under operating conditions similar to those of 
commercial DSG CSP plants (145 bar, 350 °C). It comprises a high pressure water-steam closed loop able to 
perform a wide range of charge and discharge transients. Electric heaters simulate the CSP solar field while a 
condenser and an air cooler condense and subcool the fluid flow at the storage outlet. A pressurizer is used to 
maintain the required pressure level in the loop and acts as an expansion vessel (Fig. 1).  
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Fig. 1. (a) Layout of LHASSA test facility; (b) LHASSA storage test section. 
 
The pilot scale PCM storage test section is an heat exchanger module composed of a water-steam high pressure 
vertical finned tubes bundle, a low pressure envelope containing the PCM (6350 kg of pure NaNO3) and some 
aluminum inserts for heat transfer enhancement. The volume of the aluminum inserts accounts for less than 19% of 
the total PCM volume. The module is designed to store steam condensation heat into PCM in charging mode, and to 
recover the heat stored in the PCM to evaporate water in discharging mode. The PCM temperature is measured 
around 25 tubes at 7 locations along the module height, giving a detailed mapping of the PCM temperature field. 
Thermo-hydraulic conditions (pressures, temperatures, mass flows and steam quality) are also measured at the inlet 
and outlet of the test section. 
3. Test objectives and procedures 
The test campaign aimed at validating the thermo-hydraulic behavior of the storage module under realistic 
operating conditions. The measured performance is compared to the simulation results given by a dynamic model 
developed at CEA. In most cases, the objective is to produce a constant vapor mass flow during discharge and to 
maintain nearly uniform temperatures all over the module height. Therefore, the liquid water level in the PCM test 
section is kept low in charging mode and high in discharging mode and the inlet liquid water and steam flows are 
kept close to saturation. All the results presented here respect this general operating scheme. 
During the charging process of the storage module, steam slightly above saturation is sent from the top to the 
exchanger tubes where it condenses causing the melting of the PCM. Inversely, during the discharging process, 
liquid PCM coming from the bottom of the test section solidifies and causes the evaporation of the liquid water 
within the exchanger tubes. 
When charging, the inlet mass flow is set by the operator at a fixed or variable value and steam condenses all 
over the tubes height. The decrease of the thermal performance as the melting front moves away from the tubes wall 
is offset by a controlled increase in the operating pressure, typically from 95 to about 110 bar. The duration of a full 
charge process at variable inlet steam flow is compatible with the storage charging time of a commercial CSP plant 
on summer days. 
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When discharging, the water level is kept high so that evaporation occurs all over the tubes height. Also in this 
case the decrease of the thermal performance as the solidification front moves away from the tubes wall is offset by 
a controlled decrease in the operating pressure, typically from 90 to about 70 bar. The duration of a complete 
discharge process at constant outlet steam flow corresponds to a typical discharging time when storage is used to 
produce electricity during peak loads after sunset. 
4. Tests results 
Various operating modes were tested, at partial and full load, fixed or variable mass flow and pressure, with or 
without superheating in charge mode and subcooling in discharge mode. Tests gave very satisfactory results, with a 
measured storage capacity very close to the design target and a small degradation of temperature and pressure levels 
in discharge mode (more than 90% of the energy discharged with less than 20°C temperature drop).  
Fig. 2 (left) shows the PCM temperature evolution during a full-load charge followed by a complete discharge. 
Type A thermocouples are located close to the outer diameter of the tubes fins, while type C thermocouples are 
placed at half distances between exchanger tubes, where phase change occurs at the last stage. A temperature 
plateau is observed at 306 °C, which is the melting temperature of the PCM. In spite of the temperature stratification 
at the end of the charging process (the upper part of the module being hotter than the lower part), the discharge takes 
place very uniformly all along the tube height. Series of sequential short charging-discharging cycles showed a good 
repeatability and stability of the module performances, as shown in Fig. 2 (right). 
 
 
Fig. 2. PCM temperatures measured during a full load charging-discharging test (left) and during a series of 3 part-load cycles (right). 
z is the axial position along the exchanger tub, Z corresponds to the finned tube height 
Table 1 shows the duration, the stored/discharged energy, and final pressure at the end of charge and discharge 
processes for 3 days of testing, each test corresponding to a full or partial load storage cycle. Qc and Qd are 
calculated from measurements in the steam flow at the inlet and outlet of the storage unit. Q0 accounts for the latent 
heat capacity of the storage module, sensible energy is not taken into account, that is why in test number 3 the stored 
energy exceeds 100% of the storage capacity. In these testing conditions, with only 10 K of superheating in charge 
and 5 K of subcooling in discharge, sensible heat accounts for about 10% of the latent heat of the storage unit. 
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Table 1. Main results from the storage unit under various inlet testing conditions. 
 Charge  Discharge 
Test number Conditions Stored 
Energy 
(Qc/Q0) 
Duration Final 
pressure 
(bar) 
 Conditions Discharged 
Energy 
(Qd/Qc) 
Duration Final 
pressure 
(bar) 
#1 
(Partial load) 
Variable 
mass flow 
49,9% 4h18 94,1  Constant 
mass flow 
90,1% 
100,0% 
3h06 
3h23 
75,0 
73,6 
#2 
(Partial load) 
Constant 
mass flow 
28,4% 1h46 101,6  Constant 
mass flow 89,5% 1h38 75,0 
#3 
(Complete load) 
Variable 
mass flow 
107,5% 8h11 104,8  Constant 
mass flow 
75,7% 
94,2% 
4h44 
5h51 
75,0 
68,1 
 
Fig. 3 shows the evolution of the PCM temperature field measured during a full load charging-discharging test. 
As previously stated, the discharge process is remarkably uniform over the module height, which turns into an high 
discharge efficiency over the whole process. Only very top and bottom parts of the storage unit show some 
temperature stratification, mainly in discharge mode, due to edge thermal losses. Given the fact that the commercial 
PCM storage units will be about 4 times taller, this will result in significantly lower relative end losses as compared 
to the demonstration unit. 
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Fig. 3. Evolution of PCM temperatures (in degC) measured around the central tube. 
The exchanger tube external wall is located on the left of the temperature field (r1: outer fins radius, r2: half distance between tubes) 
After 3 months of intensive testing, the storage module showed no degradation of its performance. A visual 
inspection with an endoscope from the top of the module did not reveal any alteration of the finned tubes or 
aluminum inserts.  
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5. Model validation 
In order to assess the performances and dynamics of a whole CSP process integrating a storage system, a 
simulation model was developed within the Dymola platform [9], some of the classical thermo-hydraulic 
components were taken from the ThermosysPro Dymola library [10] but the innovative components such as the 
PCM storage module had to be modeled and validated. This simulation model of the PCM storage was proven to be 
able to reproduce the tests results and can therefore be used: 
x at a component level, to optimize the geometry and materials of the finned tubes or of the inserts as long 
as the general figures of the heat exchanger (single pass, vertical bundle) are kept constant, 
x at the process level, to predict the performances and to define the operating strategies of the commercial 
CSP plants [11]. 
Fig. 4 shows that the model is able to reproduce accurately the measured steam pressure transient, the charge 
level, and thermal power of the storage module during a full load charging-discharging test. In charging mode the 
inlet mass flow corresponds to a typical steam production profile of a CSP plant during a sunny summer day, while 
in discharge mode the mass flow is kept constant as required in a real DSG plant operated in sliding pressure. As the 
latent heat hardly varies in the pressure range of this test, the thermal power transferred to/from the storage module 
is almost proportional to the steam mass flow. Strong power variations measured at the beginning of the discharge 
are due to the fact that the steam quality at the storage outlet is lower than 1 at this moment as the liquid water level 
rises transitorily above the top of the heat exchanger. 
 
Fig. 4. (left) Simulated and experimental steam pressure (red), charging rate (green), and estimated water level (blue) during a full load charging-
discharging test ; (right) Normalized mass flow (black) and thermal power (blue) during the same test. 
The model of the storage module is based on a strictly conductive object-oriented approach integrating an 
equivalent thermal resistance determined by CFD calculations on representative local volumes. The equivalent 
thermal resistance, accounting for the complex 3D arrangement of tubes, fins, inserts, and PCM within the storage, 
is given by the following equation: 
ܴ௘௤ =
ο்
థ೗
,   with   οܶ = ௦ܶ௔௧ െ ௉ܶ஼         (1) 
Where Tୱୟ୲ is the water/steam temperature within the storage module, 
T୔େ is the phase change temperature of the PCM, 
Ԅ୪ is the heat flux per unit of length through an exchanger tube  
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The theoretical thermal resistance (Req0) presents the same curve for the charge and the discharge (see Fig. 5). 
Experimentally, it can be calculated for each test. Tsat is derived from the measured water steam pressure, and ĭO 
can be determined from the energy balance at the boundaries of the storage module. The charge level (respectively 
discharge level) can be assessed by the volumetric fraction of melted PCM fvolf in charge (resp. volumetric fraction 
of solidified PCM fvols in discharge) corresponding to the amount of latent heat transferred to the PCM from the 
beginning of the charge (resp. discharge) process divided by the storage capacity (latent heat only). Req is a specific 
characteristic of the storage module, independent from the mass flow profile during charge and discharge, as it can 
be seen in Fig. 5 where Req from different types of charges and discharges are compared showing a good 
repeatability. Moreover, the measured equivalent thermal resistance variations as a function of the charge/discharge 
level globally agrees with the simulation (Req0). During discharges, from 30% to 80% discharge level, Req does not 
vary much and stays close to 0,03 K.m/W thanks to the optimized shape of the aluminum inserts used to enhance the 
conductivity in the module. However, during charges, the measured equivalent thermal resistance decreases from 
about 0,03 K.m/W at 30% charge level to about 0,02 K.m/W at 70% charge level. This phenomenon, which was not 
predicted by the conductive-only model, is probably due to convective movements of melted PCM flowing from the 
bottom of the tube to the top of the module, producing further heat transfer enhancement. This convective 
phenomena during charge are confirmed by the evolution of the temperatures in the PCM, thus the thermocouples 
signal is more noisy above the melting temperature and the increase is not steady as it should be in a conductive-
only model but shows a plateau around 308°C (see Fig. 2 left). 
Finally, the storage simulation model was improved by fitting two equivalent thermal resistances to optimized 
curves (Req_opt_charge ) for the charge and (Req_opt_discharge) for the discharge corresponding to the arithmetic 
mean of the most representative measures. The implementation of these optimized equivalent thermal resistances in 
the Dymola model further increases the matching of the results with the simulation. For industrial modules with a 
similar design, longer tubes should favor the convective effects during charges, thus improving the heat transfer. 
Fig. 5. Comparison between experimental and simulated equivalent thermal resistance during charges (left) and discharges (right) 
6. Conclusions 
A fundamental step to validate the approach followed by the CEA to design and model latent heat thermal 
storage systems has been successfully performed on the LHASSA experimental facility. LHASSA allows fully 
representative tests of pilot-scale PCM modules under a wide-range of operating conditions. The results of intensive 
testing on a representative storage module showed a high energy quality during discharge (more than 90% of the 
energy discharged with less than 20°C temperature drop), excellent repeatability, and a good agreement between 
experimental and modeling results, even if the conductive-only model has shown some limitations in the charging 
tests as convective phenomena enhanced the thermal performance of the module. Thanks to this validation of the 
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chosen technical solutions, the design parameters of the storage system of a large-scale DSG plant could be 
finalized.  
Further tests will be done on the LHASSA test loop in the next months to assess the durability of the PCM 
module and optimize the operating procedures. 
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